The sensitivity of Arctic climate is documented in the instrumental record of recent decades and is evident in the large temperature increases seen over Northern Hemisphere land areas from about 40° N to 70° N (Nicholls et al. 1996) . In particular, sharp temperature increases from are found in Eurasia and northwest North America, with pronounced warming during winter and spring (Serreze et al. 2000) . Similarly, Fallot et al. (1997) fi nd signifi cant positive trends in winter temperatures across much of the former Soviet Union (FSU) since the early 1950s or mid1960s. More recently (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) , winter temperatures have warmed at an exceptionally high rate of 1 °C/decade in the Eurasian Arctic, which is contrasted by winter cooling (-1 °C/decade) in the North American Arctic (Rigor et al. 2000) . Although Serreze et al. (2000) show relatively large winter temperature increases over widespread areas in Eurasia and western North AmerRecent temperature and precipitation increases in West Siberia and their association with the Arctic Oscillation Karen E. Frey & Laurence C. Smith
Surface air temperature and precipitation records for the years 1958-1999 from ten meteorological stations located throughout West Siberia are used to identify climatic trends and determine to what extent these trends are potentially attributable to the Arctic Oscillation (AO). Although recent changes in atmospheric variability are associated with broad Arctic climate change, West Siberia appears particularly susceptible to warming. Furthermore, unlike most of the Arctic, moisture transport in the region is highly variable. The records show that West Siberia is experiencing signifi cant warming and notable increases in precipitation, likely driven, in part, by large-scale Arctic atmospheric variability. Because this region contains a large percentage of the world's peatlands and contributes a signifi cant portion of the total terrestrial freshwater fl ux to the Arctic Ocean, these recent climatic trends may have globally signifi cant repercussions. The most robust patterns found are strong and prevalent springtime warming, winter precipitation increases, and strong association of non-summer air temperatures with the AO. Warming rates for both spring (0.5 -0.8 °C/decade) and annual (0.3 -0.5 °C/decade) records are statistically signifi cant for nine of ten stations. On average, the AO is linearly congruent with 96 % (winter), 19 % (spring), 0 % (summer), 67 % (autumn) and 53 % (annual) of the warming found in this study. Significant trends in precipitation occur most commonly during winter, when four of ten stations exhibit signifi cant increases (4 -13 %/decade). The AO may play a lesser role in precipitation variability and is linearly congruent with only 17 % (winter), 13 % (spring), 12 % (summer), 1 % (autumn) and 26 % (annual) of precipitation trends.
ica, warming during spring and summer is amplifi ed over West Siberia and the North Slope of Alaska ( Fig. 1) . Northern Eurasia has also experienced slight increases in precipitation over the last 50 years (Groisman et al. 1991) , concurrent with signifi cant increases in cyclone density since the mid-1960s for regions north of 60° N (Serreze et al. 1997 ) and large reductions in sea level pressure over the central Arctic (Walsh et al. 1996; Serreze et al. 2000) .
A primary mode of climate variability in the Arctic is the Arctic Oscillation (AO; Thompson & Wallace 1998) . The AO index is determined by the variation of the wintertime leading empirical orthogonal function (EOF) of sea level pressure northward of 20° N and is dependent on the fl uctuation of atmospheric pressures between the central Arctic and two weaker centres at about 45° N over the Atlantic and Pacifi c basins. The AO is highly correlated with atmospheric phenomena throughout the Northern Hemisphere, accounting for ca. 50 % of the winter warming observed over Eurasia and ca. 30 % of the winter warming seen over the whole Northern Hemisphere for varying record lengths (Thompson & Wallace 1998; . AO trends are also well correlated with variability in sea level pressure, storm tracks and precipitation (Thompson & Wallace 2001) . Since the late 1960s, the AO has exhibited a pronounced positive phase (Thompson & Wallace 1998 , which may be partly responsible for the recent climate change found in the High latitude Northern Hemisphere. It is uncertain, however, whether this recent AO trend is refl ective of natural climate variability and/or symptomatic of anthropogenic forcing such as lower stratosphere ozone depletion (Volodin & Galin 1998) and greenhouse gas emissions to the stratosphere (Fyfe et al. 1999; Shindell et al. 1999) .
Although recent changes in atmospheric variability are associated with broad Arctic climate change, West Siberia appears particularly susceptible to warming (Fig. 1) . Furthermore, the prevailing direction (north or south) of moisture fl ux in the region is highly unpredictable each year, unlike most other parts of the Arctic (Rogers et al. 2001 ). This regional temperature amplifi cation and highly unstable direction of moisture fl ux are particularly relevant to the global carbon cycle, owing to the presence of the West Siberian peatlands that occupy nearly 400 000 km 2 in the region (Zhulidov et al. 1997) . Northern peatlands are a major pool of stored carbon in the form of undecomposed plant matter and are a signifi cant component of global carbon sequestration and emission calculations. For example, total carbon stocks of northern peatlands are currently estimated at 455 Pg C (ca. one-third of the global pool of soil C; Gorham 1991) . In addition, northern peatlands are currently a signifi cant source of global atmospheric methane (Roulet et al. 1992; Panikov 1999) , which has been modelled at ca. 20 Tg CH 4 /year (Christensen et al. 1996) . While currently a net sink or small source of CO 2 , northern peatlands may become a signifi cant source of atmospheric CO 2 under a warming climate, owing to associated reduction in wetness and aerobic decomposition of peat (Gorham 1991 (Gorham , 1994 Oechel et al. 1993) . Emissions of CH 4 are also expected to take dramatic shifts with changes in wetness (e.g. Laine et al. 1996; Moore et al. 1998) . The observed recent climatic trends in West Siberia may therefore have critical consequences for global carbon cycle dynamics.
West Siberia (Fig. 2 ) generates large volumes of freshwater runoff to the Arctic Ocean. Therefore, any perturbations in temperature and/or precipitation across West Siberia may also affect globalscale processes through hydrology. The Ob' and Yenisey rivers of West Siberia alone account for about 35 % of the total terrestrial freshwater fl ux to the Arctic Ocean (Aagaard & Carmack 1989) . Warming temperatures and increasing precipitation in West Siberia may alter the timing, volume and distribution of freshwater transport to the Arctic Ocean, thereby potentially modifying Arctic Ocean and global ocean circulation by triggering changes in the volume of North Atlantic Deep Water (NADW) formation, salinity distribution and sea ice formation (Rahmstorf 1995; Vörösmarty et al. 2001) .
In sum, the data of Serreze et al. (2000;  Fig. 1 ) suggest amplifi cation of warming in West Siberia, a region of global signifi cance with respect to hydrology, carbon storage and greenhouse gas exchange. Here, we present meteorological data for the years 1958 −1999 from ten stations located throughout West Siberia (Fig. 2, Table 1 ). The stations are geographically located within the area of maximum warming in Eurasia (Fig. 1) . Seasonal and annual time series of temperature and precipitation are investigated with the MannKendall test to determine the presence of longterm trends. The meteorological records are then compared with the AO index to determine the components of the observed trends that are linearly congruent with the AO.
Data and methods

Meteorological and Arctic Oscillation data
Meteorological data for the years 1958-1999 The physical relevance of the AO compared to the North Atlantic Oscillation (NAO; e.g. Hurrell 1995) has been subject to considerable debate (Deser 2000; Ambaum et al. 2001; Rogers & McHugh 2002) . The NAO describes a large-scale fl uctuation of atmospheric mass in the North Atlantic region and is a major source of seasonal to interdecadal variability in atmospheric circulation throughout the Northern Hemisphere (Hurrell 1995) . Although the NAO and AO are highly correlated, the AO is found to be more strongly coupled to surface air temperature fl uctuations over the Eurasian continent than the NAO (Thompson & Wallace 1998) . Thompson & Wallace (1998) also suggest that the AO captures more hemispheric variability in atmospheric circulation, as opposed to more regional North Atlantic/European variability. In recognition of these observations, we focus this study on the AO.
Empirical studies show that up to three correction factors (K1, K2 and K3) should be applied to precipitation records from the FSU in order to homogenize the time series (e.g. Groisman et al. 1991; Fallot et al. 1997) . K1 compensates for a change in gauge shield design implemented in the late 1940s to early 1950s. Because the time series used in this study start in 1958, this correction is not needed. K2 corrects for wind effects on precipitation measurements, which is particularly important during winter months. K2 coeffi cients rely on annual mean wind speeds averaged over several years, introducing potentially large errors when applied to monthly time series. K2 coeffi cients were therefore not applied in this study. K3 corrects for a change in FSU measurement protocol implemented in 1966, after which moisture adhering to gauge walls was included in the precipitation estimate. Therefore, this K3 correction was applied to all precipitation data in this study prior to 1966, using values for "raw" precipitation time series as recommended by Groisman & Rankova (2001) . The addition of these recommended K3 coeffi cients can significantly alter observed trends in precipitation and can increase measured values by up to 6.4 % in summer months and 9.6 % in winter months.
Assessing potential errors in temperature and precipitation records associated with urbanization, land use change and data collection methods is a challenging task. Despite industrialization that began in the early 1960s throughout much of the region, the ten stations chosen for this study are located in relatively small cities, all with fewer than 100 000 inhabitants and most with signifi cantly fewer than 50 000 inhabitants. Jones et al. (1990) found little evidence for significant urban infl uence on temperature from 1930 to 1987 in the western part of Russia, including West Siberia. Urbanization and land use change can also affect precipitation measurements, although these effects are not normally apparent until ca. 20 -40 km downwind of urban centres (e.g. Oke 1987 ). Precipitation collection methods are inherently more problematic than those for temperature. In 1965, precipitation measurements within the FSU increased from two to four times daily, although this probably did not signifi cantly alter the total amount of precipitation measured. Errors introduced by applying the generalized K3 wetting correction coeffi cients or not applying the wind-compensating K2 correction coeffi cients (as described above) are also a consideration. Precipitation in the form of snow may also be more diffi cult to measure than rain, owing to the potential for signifi cant problems of undercatch of solid precipitation (e.g. Woo et al. 1983; Yang & Ohata 2001) .
Trend analysis and linear congruence with the AO
Seasonal and annual time series of surface air temperature and precipitation are analysed using the nonparametric Mann-Kendall test for monotonic trend (Mann 1945; Kendall 1975; Maidment 1993) , which makes no hypothesis about the value of a parameter in a statistical density function. The Mann-Kendall statistic S is given by:
where the ranked series z k is generated by fi rst considering the annual time series y t , t = 1,…, n and comparing each value y t' , t = 1, n -1 with all subsequent values y t , t = t' + 1, t' + 2, …, n and applying the following conditions:
The S statistic therefore represents the number of positive differences minus the number of negative differences found in y t . For n > 40, the standardized test statistic z is obtained using a normal approximation:
where m = 1 if S < 0, m = 0 if S = 0, and m = -1 if S > 0. Because the Mann-Kendall test is based on ranks of the data only, a correction is needed for the effect of data ties on the variance of S. Data ties occur when adjacent entries have the same value or when two or more years of data are absent (missing values are replaced with the series mean). The correction is as follows:
where n is the number of tied groups and t i is the number of data in the ith (tied) group. The null hypothesis (no trend) is rejected at the α significance level if |z| > z (1 -α /2) , where z (1 -α /2) is the 1 -α /2 quantile of the standard normal distribution. This study uses an exceedance probability of p = 0.90 (α = 0.2) to establish trend. A slope estimator is not used (e.g. Sen 1968) , since the aim of this study is simply to establish the presence or absence of trend.
To estimate the potential contribution of the AO to observed trends in temperature and precipitation, we apply trend analysis similar to Rigor et al. (2000) , , Kryjov (2002) , Rigor et al. (2002) and Wallace & Solomon (2002) . The analysis is as follows: 1) all time series are linearly detrended; 2) for each resulting time series, values of temperature or precipitation are regressed onto associated AO indices (where AO indices are normalized by the series standard deviation); 3) the resulting regression coeffi cient is then multiplied by the linear trend in the associated AO index time series (in units of standard deviations per decade); 4) this product is the component of the decadal temperature or precipitation trend that is "linearly congruent" with the AO. Linear congruence does not necessarily imply that the AO is driving the observed variance in temperature or precipitation, but it does identify likely connections between them.
Results
Departures of surface air temperature, precipitation and AO index from their associated longterm record means (Table 1) are shown in Fig.  3a . Positive values indicate above average anomalies and negative values indicate below average anomalies. Both seasonal and annual temperature anomalies for the ten stations are relatively similar to one another for a given year (Fig. 3a) , indicating a strong correlation in temperature variability over a relatively broad geographic area. This pattern is much less evident in records of precipitation departures, where little correlation exists between stations for a given year (Fig. 3b) . Interannual variability in temperature is greatest during DJF (ca. 18 °C) and least during JJA (ca. 4 °C). In contrast, interannual variability in precipitation is greatest during JJA (ca. 200 mm) and least during DJF (ca. 100 mm). This largely exists owing to the signifi cantly greater amount of precipitation falling in JJA as compared with DJF (e.g. JJA precipitation averages more than twice that of DJF precipitation; Table 1 ). For this reason, July precipitation variability can drive up 1 18 to a 70 % difference in annual poleward moisture fl ux in this region (Rogers et al. 2001) . Of the 50 seasonal and annual temperature records analysed, 28 (56 %) display trends at signifi cance levels of p ≥ 0.90, all of which display positive (warming) trends (Table 2) . Of these 28 records, 14 records display trends at significance levels of p = 0.90, 9 records at p = 0.95, and 5 records at p = 0.99. Table 3 presents corresponding decadal temperature trends for these 28 stations, calculated from ordinary least-squares regression over the associated length of each record. Nine of ten stations exhibit signifi cant warming trends for both MAM and annual temperature records (Tables 2, 3) , while statistically signifi cant trends in DJF, JJA and SON temperatures are much less common (Tables 2, 3) . Trends in annual time series range from 0.3 -0.5 °C/ decade and trends in seasonal time series range from 0.1 -0.8 °C/decade. On average, the steep- Table 3 . Estimated decadal trends in surface air temperature and precipitation (ca. 1958-1999) for those records displaying statistically signifi cant (p ≥ 0.90) Mann-Kendall statistics. Values in parentheses indicate the components of the trends that are linearly congruent with the AO index (as defi ned in the section "Trend analysis and linear congruence with the AO").
Met. station
Temperature (°C / decade) Precipitation (% / decade) Of the 50 seasonal and annual precipitation records analysed, only 14 (28 %) display trends at signifi cance levels of p ≥ 0.90 (Table 2) . Of these 14 records, 4 records display trends at signifi cance levels of p = 0.90, 4 records at p = 0.95, and 6 records at p = 0.99. Statistically signifi cant trends are positive for all station records (i.e. precipitation increase) except for those at Mys Kammenyj, where negative trends are found for all seasonal and annual records (Table 3) . Significant trends in precipitation are most commonly found during DJF (fi ve stations) and least commonly found during SON (one station). Seasonal trends range from -15 to +18 %/decade (-21.2 to +25.6 mm/decade). Annual trends range from -12 to 4 %/decade (-59.5 to +20.2 mm/decade) ( Table 3) . Statistically signifi cant trends in precipitation are most commonly found at higher latitudes, with all but two of the signifi cant trends occurring at stations north of 60° N.
The components of observed trends in temperature and precipitation that are linearly congruent with the AO are also presented in Table 3 . Correlations between the AO and temperature and precipitation time series are qualitatively apparent in Fig. 3 . The most robust pattern found is the high linear congruence of the AO with non-summer air temperatures. On average, the AO is linearly congruent with 96 % of DJF, 19 % of MAM, 67 % of SON, and 53 % of annual warming seen in this study (Table 3 ). In contrast, none of the summer warming found in this study can be attributed to the AO. The potential contribution of the AO to precipitation trends is relatively weak (Table 3) and is largest for DJF and annual time series, but smallest for SON time series. On average, the AO is linearly congruent with 17 % of DJF, 13 % of MAM, 12 % of JJA, 1 % of SON and 26 % of annual precipitation trends.
Discussion and conclusions
The most robust fi ndings of this study are strong and prevalent springtime warming, increases in winter precipitation and strong association of non-summer air temperatures with the AO.
Surface air temperatures in West Siberia have increased strongly since 1958 (ca. 0.4 °C/decade annually; Table 3 ) as compared with global mean surface air temperature increases over the past 40 years (0.050 -0.075 °C/decade; Nicholls et al. 1996) . West Siberia may therefore be considered a region of amplifi ed warming. Annual temperature records show statistically signifi cant warming trends at nine of ten stations, ranging from 0.3 to 0.5 °C/decade (Table 3) . However, these may be primarily driven by even stronger warming during MAM, the season exhibiting the most prevalent warming trends ( Table 2) . Rates of MAM temperature increase average 0.6 °C/decade (ranging from 0.5 to 0.8 °C/decade; Table 3 ). This fi nding is consistent with a broader pattern of warming Eurasian springs. Using Russian North Pole drifting station records for the years 1961 , Martin et al. (1997 Rigor et al. (2000) also observe spring warming as high as 2 °C/decade in the eastern Arctic. In fact, Groisman et al. (1994) fi nd that Northern Hemisphere temperatures have increased more during spring than any other season. These springtime temperature increases have been shown to parallel the retreat of Northern Hemisphere spring snow cover extent and are likely related with a strong positive feedback (Groisman et al. 1994; Brown 2000) . Our fi nding of strong springtime warming is corroborated by time shifts (ca. 1 -3 weeks) in river ice melt onset dates in western and eastern Siberia for the years 1917 -1994 (Smith 2000 . Additionally, since the early 1960s, the annual amplitude of the seasonal CO 2 cycle has increased by 40 % in the Arctic, likely resulting from an increase in growing season length (Keeling et al. 1996) . Randerson et al. (1999) suggest that these recent high latitude amplitude increases in the seasonal CO 2 cycle are responding to growing seasons that are lengthened because of warmer springs, not warmer autumns. Time series of the satellitederived normalized difference vegetation index (NDVI) provide additional evidence of changes in the magnitude and duration of growing seasons in the Arctic and across Eurasia, brought about by warming spring temperatures (e.g. Myneni et al. 1997; Zhou et al. 2001) .
The most evident result from the precipitation records examined is a general increase in winter precipitation throughout West Siberia. It is possible that since station gauges measure rain with more accuracy than snow, a portion of the precipitation increases found during DJF could be due to a transition from snowfall events to more rain events, thus leading to erroneous observations of increasing winter precipitation. However, even for stations exhibiting the strongest increases in DJF precipitation, average air temperatures during these months are still well below freezing throughout the entire record, suggesting that a signifi cant increase in rain events is unlikely. Although the trends found in DJF precipitation may be small in terms of magnitude, they are substantial in terms of percent increase. For instance, the observed ca. 8.3 mm/decade increase in DJF precipitation at Tarko-Sale represents a 55 % increase in DJF precipitation over the 42-year record. Similar fi ndings of increased winter precipitation have been found over the past 20 years in northern Eurasia (Serreze et al. 2000) . In West Siberia, Aizen et al. (2001) fi nd a positive trend in annual precipitation over the past 100 years and Vinnikov et al. (1990) fi nd increases of 14 %/100 years. Winter precipitation increases found in this study contradict the results of Fallot et al. (1997) , who fi nd no evidence of an increasing trend in cold season precipitation in the former Soviet Union over the last century. However, time series used in their study end in 1984 and thus do not capture the most recent positive anomalies in winter precipitation (Fig. 3b) . Also, the majority of stations in their study fall south of 60° N, where winter precipitation is not expected to increase in response to positive AO conditions (e.g. McCabe et al. 2001) . In this study, significant precipitation trends are found most commonly at higher latitudes, with 12 of the 14 significant trends occurring at stations north of 60° N. Signifi cant precipitation trends are positive for all stations with the sole exception of Mys Kammenyj, where all records display negative trends. Mys Kammenyj also tends to be much drier than any other station (Table 1) , which is likely due to the infl uence of relatively cold and dry Arctic maritime air masses that have not yet gained moisture through evaporation enhanced by forests and wetlands farther south on the continent (Shahgedanova 2003) .
Strong association of West Siberian air temperatures with the AO suggests that the recent dominance of the positive AO phase may potentially contribute to about half (53 %; Table 3 ) of the annual temperature increase, which is consistent with other studies (Thompson & Wallace 1998; Rigor et al. 2000; . The AO is also linearly congruent with 19 % of MAM warming and may thus play a role in creating earlier dates of melt onset. In contrast, none of JJA warming is attributable to the AO, an expected result since the AO is generally considered to be a wintertime phenomenon (Thompson & Wallace 1998 ). The AO is also linearly congruent with 17 % of precipitation trends during winter, when statistically signifi cant trends are more prevalent than any other season.
Recent intensifi cation of the AO has established climatic conditions that are consistent with the strong warming and precipitation increases over West Siberia found in this study. In the past 30 years, Arctic atmospheric circulation patterns have shown large deviations from normal with a cyclonic pattern of circulation persisting over the polar region, resulting in unusually low pressure, strong subpolar westerlies, and warm high latitude temperatures over land (Serreze et al. 2000) . Although the strong anticyclone circulation system known as the Siberian High is the most pronounced feature of atmospheric circulation in the lower troposphere over continental Asia during winter, it has experienced pronounced weakening during the last ca. 20 years (Gong & Ho 2002) . Gong et al. (2001) show that there is a signifi cant out-of-phase relationship between the AO and Siberian High, where the negative phase of the AO might dynamically strengthen the Siberian High and vice versa. During positive AO conditions, cyclone activity in the Northern Hemisphere shifts poleward, leading to anomalously strong subpolar westerlies, the conditions of which are characterized by westerly geostrophic surface winds along ca. 55° N and strong zonal fl ow extending into Europe, resulting in abnormally high surface air temperatures as far east as Siberia (Rogers 1997; Clark et al. 1999; Thompson & Wallace 2001) . The position of the increased cyclone activity in Siberia favors stronger and more frequent warm, southerly winds, which are consistent with recent temperature anomalies and early melt (Serreze et al. 1995) . This northward shift in cyclone activity is important as cyclones are one of the main factors setting the variance of temperature, pressure, and moisture in the troposphere on timescales of 2.5 -10 days (Paciorek et al. 2002) . The warm winter temperatures in Siberia have in fact been linked to stronger westerly fl ow and stronger intrusions of cyclone warm sectors into this region (Rogers & Mosley-Thompson 1995; Rogers 1997) . A recent increase in cyclone activity has been observed over high latitude Northern Hemisphere regions and Eurasia, coincident with the recent increase in the AO and northward shift in Northern Hemisphere storm tracks. Paciorek et al. (2002) fi nd an increase in winter cyclone intensity over Eurasia over the past ca. 50 years. Serreze et al. (1997) and McCabe et al. (2001) fi nd a signifi cant increase in high latitude cyclone activity in the Northern Hemisphere, although only for regions northward of 60° N. This is relatively consistent with the fi ndings in this study, where 12 of the 14 statistically signifi cant precipitation trends occur at stations north of 60° N.
The recent persistence of Arctic cyclone activity has been linked to relatively large reductions (particularly along the Siberian sector) in Northern Hemisphere sea ice cover, which may in part occur because enhanced southerly winds advect the ice poleward away from the coasts (Serreze et al. 1995; Maslanik et al. 1996) . Rigor et al. (2002) suggest that these changes in sea ice may in turn be responsible for recent observed trends in surface air temperatures, by way of increased latent heat released during formation of new ice in diverging leads and increased heat fl ux through thinner ice. Maslanik et al. (1996) additionally suggest that because an increase in cyclone activity favors divergence and shear within the sea ice pack, resulting open water areas are increasingly heated owing to decreased albedo. These phenomena are probably most important in the winter and spring warming of coastal areas, such as at Mys Kammenyj.
Factors other than the AO are important in driving the observed temperature and precipitation trends. The strong interannual and spatial variability in precipitation may in part be due to the contribution of convection. Convective weather patterns are much more spatially variable than synoptic-scale patterns and are much less likely to correlate well with the AO. Sun et al. (2001) fi nd a statistically signifi cant increase in the frequency of convective cloudiness for all seasons over the FSU, which could contribute to the portion of precipitation trends not congruent with the AO. Increased convection could also contribute to observed warming through enhanced downward longwave radiation (e.g. Stone 1997), particularly during summer when the occurrence of convective cloudiness is most frequent (Sun et al. 2001) . Factors other than the AO should be driving observed summer warming trends, when linear congruence with the AO is zero. June through August is termed an "inactive" season by , when the AO is much weaker and the subpolar zonal wind anomalies are displaced poleward of their wintertime position. Therefore, congruence between the AO and climate phenomena during summer months is not expected here.
The strong springtime warming and winter precipitation increases of the past few decades may have important implications for the carbon storage, fl ux of greenhouse gases, and hydrology in West Siberia. The ca. 40-year warming trends in springtime temperatures have undoubtedly led to an earlier occurrence of spring thaw and an increase in growing season length. The effect of spring warming on melt season length has been quantifi ed by Rigor et al. (2000) , who fi nd that spring warming is associated with a lengthening of the melt season by 2.6 days/decade over the eastern Arctic Ocean. The timing of melt onset, and thus the duration of both the growing and the dormant seasons for plants, are strongly linked to the carbon balance of Boreal and Arctic systems (Goulden et al. 1997 ) and may be important for peat accumulation potentials (Nicholson et al. 1996) . As there is a large range in interannual variability (up to 6 weeks or more) in the timing of freeze and thaw at a given location (e.g. Frolking et al. 1996) , these events not only serve as climate indicators, but they are crucial for the understanding of possible feedback mechanisms in the carbon cycle.
Greenhouse gas exchange in peatlands is directly related to temperature and wetness conditions. Small changes in water table, temperature, or timing of thaw and senescence all have the potential to facilitate modifi cation of CO 2 dynamics in peatlands (Bubier et al. 1998) . One probable effect of climate change is that warmer spring temperatures and an earlier start to the growing season will result in increased plant production and uptake of CO 2 . A warming climate and associated reduction in wetness could also cause peatlands to become a signifi cant source of CO 2 to the atmosphere (Gorham 1991 (Gorham , 1994 Oechel et al. 1993; Botch et al. 1995; Alm et al. 1999) . In contrast, CH 4 emissions are expected to decrease with soil drying (Roulet et al. 1993; Laine et al. 1996) , as its pro-duction is optimal under anaerobic waterlogged conditions (Valentine et al. 1994; Bubier 1995; Bubier et al. 1995) . Under climate change scenarios, CH 4 emissions from northern peatlands are more sensitive to changes in wetness and water table position than in temperature (Roulet et al. 1992) , although climate-induced changes in CH 4 emissions may be dependent on the initial position of the water table (e.g. Heikkinen et al. 2002) or additional factors such as peatland type (Nykänen et al. 1998) . Given similar wetness regimes, however, CH 4 emissions are enhanced by warmer temperatures (Christensen et al. 1999 ) and in permafrost regions, greater active layer depths (Christensen & Cox 1995; Heyer et al. 2002) . CH 4 production is also expected to be enhanced by permafrost degradation, owing to resulting warm, saturated conditions and shifts in vegetation . However, from a greenhouse forcing point of view, the radiative effect of continued warming of West Siberian peatlands is diffi cult to predict. Because CO 2 and CH 4 dynamics are negatively coupled in wetlands (e.g. Whiting & Chanton 2001) , one might expect the radiative effects of CH 4 to be tempered by those of CO 2 and vice versa. For example, earlier warming may enhance sedge production, simultaneously enhancing CO 2 uptake and CH 4 emissions . Should drier conditions enhance peat decomposition and CO 2 production, Laine et al. (1996) suggest that this new source of CO 2 would be completely compensated for by decreasing CH 4 emissions and increasing tree-stand biomass storage. Although uncertainties in the specifi c response of northern peatlands to climate change may exist, there is no question that perturbations in temperature and precipitation have the potential to profoundly affect the exchange of atmospheric CO 2 and CH 4 .
Hydrologically, an earlier transition from frozen to thawed conditions leads to the earlier occurrence of ice breakup and fl ooding in rivers, thus altering the timing of freshwater delivery to the Arctic Ocean. Potentially of more importance, however, is that an increase in winter precipitation may expand the snow pack water equivalence, thus increasing river discharge during the following spring and summer months. Whether evaporation losses from increased temperature will offset this increase in discharge is unclear. Peterson et al. (2002) found a 7 % increase in Eurasian river discharge over the past 70 years that is consistent with large-scale hemispheric climate patterns, likely resulting from associated warming temperatures and an increase in cyclone abundance and intensity. Although the predicted timing is uncertain, sensitivity experiments have identifi ed a threshold of freshwater import to the Arctic Ocean at which point NADW will cease to form (e.g. Clark et al. 2002; Rahmstorf 2002) . The increases in winter precipitation over West Siberia found in this study should affect the volume of freshwater input to the Arctic Ocean and may therefore have consequences of global importance.
